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i The near-millimeter wave (NMMW) region of the electromagnetic
i spectrum may be defined as that region between 3.2 and 0.3 mm in wave-
length (or equivalently between 94 and 1000 GHz, or between 3.1 and
33.3 em~l). This region near 1 mm is considered to be a2 unique region
because its components and techniques are hybrids of the microwave and
infrared (IR) regions that bracket it and tecause its stmospheric
transmission windows permit reesonable propagation under adverse con-
ditions. The Justifications for military consideration of NMMW sys-
tems involve complex technical questions (1). Briefly stated, they
arise from requirements for various "imaging" and radar systems which
can operate under all weather conditions and the environment of
battlefield smokes and dust. With a judicious balance of parameters,
NMMW systems can combine the propagation advantages of the microwave
region with high resolution that is characteristic of IR and optical
systems.

This paper reports on new systematic diagnostic procedures devel-
oped in part at The Harry Diamond Laboratories (EDL) for obtaining the
basic molecular information necessary for modeling and scaling the
operation of known photon-pumped NMMW sources and for prediction of
new NMMW emission and associated pump frequencies. Our procedures in-
volve the use of tunable IR diode lasers to reveal important details
of previcusly unresolved molecular absorption lines. The sub-Doppler-
width resolution achievable with these lasers has permitted us to ex-
tend into the IR region a combination of accurate heterodyne and Stark
absorption techniques previously employed routinely only in microwave
spectrosccooy.

First, the basic physics of photon-pumped NMMW sources is ex-
plained. Then the instrumental configurations involving the frequency
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tunable lead-salt (PbSnSe) diode laser are discussed, with emphasis
on heterodyne and Stark spectroscopic techniques used at HDL, The
results obtained from studies of CH3F, D0, and ClizOH are presented,
and the relationships to NMMW generation are given. New NMMW freq-
uencies in atmospheric windows are predicted.

Photon-Pumped NMMW Sources

Fhoton-pumped NMMW sources operate
on the principle of obtaining stimulated
emission at a NMMW frequency in a gaseous
molecular medium. The NMMW output freq- 3
uency may result from a laser population
inversion emission or a Raman emission.

NMMW

In either case, as illustrated in Fig. 1, 1 IR

it is necessary to find an IR emission

transition, hv, which closely matches the b o E. -~ E
molecular absorption energy, E; - Ej. 2 1

The frequency separation between pump and
absorption should be within about 1 GHz
for pulsed NMMW output and within 100 MHz
for cw NMMW output. £
Conventional grating spectrometers 1
do not have adequate resolution to
determine accurately the frequency sep-
aration of the pump emission and IR Fig. 1. NMMW Photon
absorption. However, tunable IR diode pumping scheme.
lasers, with a resolution over 20 times
that of conventional spectrometers, can resolve IR spectral lines to
less than their Doppler width, which is typically between 50 and
100 MHz for IR molecular transitions near 10 um (1000 cm~! or 30 x
1012 Hz), This is illustrated in Fig. 2. The upper portion shows the
survey scan spectrum obtained with a conventional spectrometer for the
gas CH3F at a pressure of a few torr (2)., The lower inserted oscillo-
graphs give our results obtained with lead-salt diode lasers., In
these oscillographs, the upper traces correspond to the CH3F absorp-
! tion versus frequency, and the high resolution of the diode laser much
E | detailed absorption structure is displayed where only singlet or
f f blended band structure occurs in the conventional spectrum. The regu-
‘ g larly spaced near-sinusoidal lower traces in the oscillographs corre-
| | spond to periodic transmission maxima spaced by 1475 MHz (0.0492 cm—Dd;
| ’ these curves result from the variations with diode laser frequency of
‘ transmission through a Ge bar, and are used to calibrate the frequency
scale.
A complete understanding of a photon-pumped NMMW source requires
; (a) identification of the quantum numbers associated with the molecu-
{ lar transitions; (b) measurement of the frequency difference between
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Fig. 2. Comparison of conventional spectrum (upper trace)
and tunable diode laser spectra (lower traces) rfor CH3F.

photon pump and molecular absorption; (c) measurement of IR line
shapes, line strengths, transition rates, and pressure broadening
effects; (d) related conventional molecular spectroscopy; (e) relatea
NMMW spectroscopy. Our IR measurements have involved the first three
items, and we have drawn from other publications for the other infor-
mation. The rest of this paper describes our techniques and the ap-
plication of our results to the molecular transitions of NMMW sources,

Diode Laser Spectrometer

Our first diagnostic step in studying a NMMW gas was to obtain
the ultrahigh resolution IR spectrum in the region of interest. This
procedure usually revealed important features of previously unresolved
absorption line structure. The results of conventional spectroscopy
often provide useful experimental and theoretical guldes as to what
one may expect. Indeed the operation of the diode laser may be com=-
pared with the operation of a microscope with very nigh resolution;
without conventional low magnification information, it may be impos-~
sible to interpret the high-resolution structure.

The diode laser spectrometer is shown in Fig. 3. The lead-salt
diode laser was fabricated by Laser Analytics and typically produced
several hundred microwatts of power in each of about six principal
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simultaneously oscillating laser

1 N £ S & s =
z}o\.es whc:n operating on a lliqxfix. wersoerscron — 7] WYy
He cold finger. Varying the in- eyt R
: i NS . ik
Jection current between 0.23 and owoucasen | o ~ oumcron
S.C A resulted in a piecewise f?ﬁ'ﬁ?f o = g e M
inability between 1005 and =R e JL—
lb 20 em~! at liquid-He temperature, i ] b i
o | ",
The continuous tuning range of a &Eﬁ@{ }v—.' ; = %? —
- i B ¢ {
given mode was about 0.3 cm-! mﬁu.’j::;;“““d “aeon
- & ca
under these conditions. However, mmw"m";“““
the useful diode-laser tuning1
w e LO cm~ "
range was extended by 140 cm Fig. 3. Schematic diagram of

to higher frequencies by allow-
ing the liquid-He to evaporate
and the dewar to warm up slowly, or by mounting the diode in a closed-
cycle variable-temperature cryogenic refrigerator. The refrigerator
kept the diode laser at temperatures between 10 and 77 K with a short
term stability better than 3 x 10™"% K. These temperatures allowed

diode laser spectrometer,

the diode laser to be coarsely tuned from 1030 to 1160 em—1. By ad-
Justing the laser current, the frequency could be fine tuned at the
rate of 10 MHz/mA. As the temperature was increased, the threshold
current also increased, and fewer modes operated, but the current
tuning range of these modes increased to about 1 cm™ £

The radiation from the diode laser was first passed through a
X-m monochromator used as & narrow band-pass filter to select a prin-
cipal laser mode. A beam splitter then passed one portion of the
radiation through a Ge bar etalon employed for the calibration of
optical frequency differences, while the second portion of the radi-
ation passed through the gas absorption cell (3). Two separate
HgCdTe detectors simultaneously received the radiation passed through
the etalon and the gas cell. Typically, a sawtooth current ramp of
about 0.1-A amplitude with a frequency of about 100 Hz was applied to
the diode laser to sweep its ocutput frequency. Direct video presen-
tation of the molecular absorption and the etailon channel spectrum
was given simultaneously on a dual-beam oscilloscope for the warm-up
exepriments. When the diode was mounted in the cryogenic refrigera-
tor, a chopper and lock-in amplifiers were used to present the molec-
ular and etalon channel spectra versus diode laser current on an X-Y-
Y' recorder. Absorption-line separations were measured by comparison
with the periodicity (1475 MHz) produced by the etalon. The gas
sample cell was 30 cm long. Measurements were made at various pres-
sures between 0.1 and 10 torr.

The search for a particular molecular absorption line proceeded
in the following manner. As the diode laser temperature slowly in-
creased, a manual scan of current between 0.2 and 2 A was repeatedly
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made. The sawtooth ramp also was applied, and wide spectrometer slits
were used during the search. Narrow s.its were then inserted to dis-
criminate against unwanted laser modes when it was desired to confirm
the appearance of a particular absorption line, and the sawtooth ramp
amplitude was decreased for better resolution.
As an example of the results ob-

¢ a . f ; " i M1 0)gr2, 7) A
tainable with the diode laser spec- -~ s \/

\ ‘ ‘
trometer, Fig, 4 shows the tracings V N\ \\ﬂv\!l‘ lJ"
obtained from the plotter output of yy‘ ' ‘

3 "~ )
the 12 lines of the Q(J = 12, K) K=3 ,".'"

multiplet of CH3F. This is similar
to an oscillograph in Fig. 2, except
that in this figure the frequency
scale is more linear and increases

toward the right.

~

Diode Laser Heterodyne Spectrometer
Although the experimental
arrangement discussed above can
provide remarkable sub-Doppler IR
resolution, it cannot be used to

\SANAAT

Fig. 4. Absorption spectrum
of vj, Q(J = 12, K) transi-~
tions of CH3F (upper trace)
and etalon channel spectrum
(lower trace),

measure the frequency difference between a molecular absorption and

the photon-pump laser emission trans
NMMW diagnostics.

ition which must be obtained for

Since the pumping laser is usually a CO; laser,

and since the. frequencies of this laser have been measured to high
accuracy, a beat-note or heterodyne measurement of the pump laser with

the diode laser
{s a schematic of the experi-
mental arrangement used at HDL.
Information regarding previous
related experimental procedures
may be found in Refs. (4) and

(5). For heterodyne measurements,
the diode laser was mounted in

the cryogenic refrigerator. As
before, fine tuning was done by
adjusting the injJection current.
The diode laser output was ex-
ternally chopped and sent to a
beamsplitter, Approximately

60% of the radiation passed
through a monochromator to elim-
inate all but one longitudinal

frequency centered at a molecular absorption can de-
termine the absolute frequency of the molecular abscrption.
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Fig. S Scheratic diagram of
diode laser heterodyne spectro-
meter.

mode. The output radiation was made to pass through the 'nv cell and
then onto the HgCdTe detector. The detected absorption signal was
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fed into a lock-in amplifier, and its output was fed into the Y chan-
nel of an X-Y-Y' recorder whose X axis was driven as a linear function
of the slowly changing diode-laser tuning current. The other portion
of the dicde-laser radiation was sent to an SAT Model (1 HgCdTe photo-
mixer (3 dB bandwidth of 150 MHz) and heterodyned against a local
oscillator.

The local-oscillator laser was a Sylvania Model 950 CO, laser
whose frequency could be adjusted to be close so that of the molecular
absorption line by use of an intracavity diffraction grating, The
laser was set to line center maximizing the output power with a piezo-
electric transducer. Although the gain profile and thus the absolute
laser frequency are uncertain because of the pressure of the lasing
gas mixture, this uncertainty is less than 2 MHz (6). The short-term
frequency stability of this CO; laser was measured to be better than
1 MHz for periods of several minutes.

The rf signal from the rhotomixer was amplified by a low-noise,
wideband amplifier and was detected with an HF model 141T spectrum
analyzer system operating as a narrow-band (300-klz) rixed-rrequency
receiver, tunable between 0 and 1.2 GHz. Video output at the chopping
frequency was detected with a second lock-in amplifier whose output
was applied to the Y' channel of the recorder. As the diode-laser
frequency was tuned toward the CO, laser frequency, the beat note
frequency decreased. When this rrequency equaled the preset spectrum
analyzer detection frequency, a marker was produced in the Y' channel.
After the diode-laser frequency passed through the CO, laser frequency
and their difference again equaled the setting of the spectrum ena-
lyzer detection frequency, another marker was generated. Thus we
could measure the frequency difference between (0, laser line and a
molecular absorption line by comparing the absorption and marker
traces of the recorder.

Fig. © shows the result of one
experimertal run for D;0. The upper
trace shows the output from the de-
tector that measured the absorption
of the diode laser radiation by the
D20 gas; the lower trace shows the
frequency markers generated by the

-8,
8 =3

heterodyne system. This run was for O
the absorption 6g + 54, 05 *+ 55 and sirs2
7-1 + 6.3 near the 9P32 0, laser | SR S |

line. High-resolution grating spec- l

troscopy had placed the T_j -+ 6.3 o i
absorption 1770 MHz above the

6 = Sy, 65 + Ss absorption (7). Fig. 6. D50 absorption (upper
In Fig. 6, the 6g + 5,, 65 + S5 trace) and frequency markers
absorption is 1177 MHz below the (lower trace),

<)
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laser line, while the T_; + 6_3 absorption is 565 MHz above this E

« To reduce errors arising from the nonlinear tuning of frequency

urrent, we subsequently produced markers slightly below and

ly above each absorption line by changing the spectrum analyzer

ction frequency by 100 MHz during each run. With these 100-MHz

markers bracketing each absorption, we interpolated over 100 MHz to

find the absorpticn rrequency and thus aveoided extrapolations over

several hundred megahertz.

We checked the frequency

calibration of this system by com- Kn :l

paring our data with high resolu- |

tion data taken by other complex |

spectroscopic techniques. These

{ included not only the Sq =+ Lj |
transition of D0, but also !

several lines in CH3F (8). Fig. ;

7 shows heterodyne results from |
the Q(12, K) transition of CHjF. corjume |
By interpolation, the CO, laser o

9P20 line lies 53 MHz above the

£ - Q
ol 5)
o

t b ot
2

(o 3
[ s O ¢

Q(12, 1) and 51 MHz below the L
Q(12, 2), in agreement with pre-
vious results (8). The error
A in our measurements is *15 MHz Fig. 7. Heterodyne spectroscopy
(+0.0005 cm=!). The frequency - of v3, Q(J = 12, K) transitions

instability.of the diode laser in CH3F.

caused by the mechanical and

thermal fluctuations of the refrigerator comprises the largest contri-
bution to this uncertainty.

Diode Laser Stark Spectrometers

The application of external electric fields to gaseous molecules
is common in microwave absorption spectroscopy where the high resolu-
tion of microwave components permits detection of small changes in
transition frequency caused by the Stark effect (9). Although Stark
fields have been used to tune IR molecular absorption frequencies
‘ through nearby laser line frequencies, until the present work, no
{ publication has reported entire resolved Stark components in IR
absorption spectroscopy.
E i A Stark gas absorption cell was constructed with metal plates
| { 10 cm wide by 36 cm long separated by 0.203 cm. This cell could be
| | substituted for the gas cells in the experimental arrangements depict-
i | ed in Fig. 3 and 5. The usefulness of the Stark erfect arises from
E i the ability to assign directly and unambiguously the gquantum numbers
corresponding to a molecular transition from the pattern of new ab-
sorption lines which result when the electric (E-) field is applied.

1]
|
|
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In Fig. & is shown the observed
structure obtained when static E-
fields were applied to a vy,

R(J = 2, X = 2) transition in CH30H
with 1r parallel, then perpen-
dicular to the linear polarization
of the diode laser radiation. The
quantum numb=rs, K, correspcnding
to the ¢ vction of the rota-
tional qi .atum number, J, on the
"symmetry" axis of the molecule,
could be readily assigned since

K = 0 lines showed no resolvable
Stark splittings, whereas other
lines showed well-resolved linear
or quadratic Stark effects. Stark
effects in CH30H and CH3F have

been studied and are discussed
below.

’
<45
-~ .

st
t

Spectroscopy of CHj3F

Methyl fluoride is considered
to be an important NMMW and sub-
millimeter wave (SMMW) molecule
because strong (13 mW cw and 10 kW

E) = 207@\/\/\/\/\/‘

allly

E, = 2070737\/\/\/\/\—-

ekl

1475 MHz — —0.493 cm-1

Fig. 8. Linear Stark effect on
Vi, R(J = 2, K = 2) trensitions
in CH30H showing cobserved and
calculated patterns.

pulsed) output power is obtainable at 0.496 mm wavelength. This radi-
ation is given off when the vz, Q(12, K = 1,2) transitions depicted
in Fig. 2, 4, and 7 are pumped by the 9P20 line of a (O, laser (10).

We made a detalled examination of the @ branch of the vj funda-
mental band of CH3F (11). Fig. 9 shows typical dual-beam oscillo-
scope traces. The lower trace contains the regularly spaced maxima
and minima of the etalon channel spectrum. The upper trace displays
the K-structure of the Q(J, X) absorption lines for J = 3 to 6. These
lines are identified according to the symmetric top model where the
quantum number J refers to the rotational angular momentum and the
axial quantum number K is the projection of J on the C-F symmetry
axis. For Fig. 9 and 10, frequency increased toward the right and
gas pressure was about 0.5 torr. Some nonlinearity in the dicde laser
frequency ramp occurred at the start of each application of the saw-
tooth current ramp (toward the left of the figures); aiso, there were
flyback discontinuities (at the edges of each trace). A better re-
solved picture of the Q(5, K) quintet appears in Fig. 10, and pictures
of the Q(12, K) multiplet appear in Fig. 2, L4 and 7.

The extra line near the Q(12, 7) line is the P(1, 0) line. This
has been verified by a Stark measurement. The P(1l, 0) line undergoes
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Fig. 9. Diode laser scan over Fig. 10, Diode laser scan of
region of several Q(J, K) lines. Q(J = 5, K) quintet,

8 quadratic Stark shift and has been found to be shirfted by -50 Mh:z
with application of a Stark rield of 2241 ch‘l, in excellent wg“ee-
ment with cur calculated shift of -48 MHz. Assignment of the symmet-
ric top quantum numbers J and K is particularly easy for 1xnes with

J < 12 in the Q branch because the intensities generally follow the

e lowest rr
ue appear a
h K-values
acent line

3y
RO

divisible by three a

w

J increases, the strength the K and 2 lines di

(]
equency
$
¢
t

correspondingly

hat are evenly

accordance
5y

minist

with the statistics arising from wuclear exchange symmetry (12)., As
3! 1
-]

varying intensities h

s
elp to confirm
We have alsc obtained

ned spectra o©
v 4 3

line assignments.
several P- and R-branch lines.

In accordance with the Honl-London intensity rules, the lines of low
K are of greater intensity than the high-K lines in a J multiplet.
It appears that the low-K lines, especially K= 0 and 1, are less
than a line width apart, and therefore only J - 1 distinct lines ap-
vear -‘\x. phe F )‘Z-‘ln ‘)! S | % 14 g+ 4wyt “‘neq arpear <‘\X- "‘t‘ '.; \‘“‘\X‘ “
L r 1C v orancii, and J aQistincet lines appear IC il hy c
for J > 0. This behavior is consistent with the spectra calculated

from reported values of the vibratio

o

~rotation ':\‘11'&1‘.’“:‘(

ers and with

line assignments based on the increased strength of lines with K even-

ly divisible by three. In the P and R branches, as in
the frequency increases with increasing value of !

K.
In Table I are presented the measured and calcula
the Q-bdranch multiplets, The width of each J multiple
- > - - —— p——
, — —

the Q branch,

~

ted widths of
t

has been
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Table I. Frequency Separation Table II. Frequency Separation
Between Q(J, K = J) and Q(J, X = 1) Between Q(J, K= 1) and Q(J = 1,
Lines K=J + 1) Lines
Veasured Separa ajculatea separation’ T ol
MH Al w ? e
137 + 30 e e E————— = e e e
3 186 30 358 ) ° - ]
3 49 0 564 8 00¢ 20 Y :
S 1081 = &0 1061 + 56 3 % 0 ey
8 1581 -+ 80 1546 -+ 134 ) S8, 2 514 5
’ 204 = 30 121 + & 5 526 0 2815 i
3 1836 = 30 2784 « 418 5 0 3625 - 4
3 3636 + 110 3533 + 06 815 ReA =2 56
1543 ) 4384 + 1011 ; i
5578 0 5324 a7s & i
AR 15 S
2 5680 ) 2383 ] ST e e o

a. Ay
Calculated with parameters in Ref. (11).

measured as the separation between the X = J and K = 1 components. In
a similar manner, Table II gives the separation of adjacent multi-
plets. No attempt has been made to extract best-fit constants from
our data on inter-~ and intra-multiplet line separations. OQur experi-
mental errors cf about 100 MHz are caused in part bty the low finesse
of the etalon, by laser radiation of nearby parasitic modes, and by
changes in the laser power output and tuning rate with current. The
increasingly large errors in the calculated separations occur because
the vibration-rotation parameters that are not well known are multi-
plied by big integers for large values of J and K, thus increasing
the relative error. For example, the calculation of the positions

of the P(1, 0) and Q(12, 7) lines, which appear clecse together in
Fig. 4, is not reliable enough to distinguish the lines. Neverthe-
less, the dicde laser spectrum consisting of regularly increasing
spacings of the Q(12, K) lines indicate that the Q(12, T) line should
be at a higher frequency than the P(l, 0) line. This information is
consistent with our Stark experiment.

The agreement between our measurements and the calculated spectra
is within experimental error, except for the ((L, K) multiple where
the measured width seems slightly large. For low values of J and X,
the line separations obtained by using the published values of the
vibration-rotation parameters are believed to be about two orders of
magnitude more accurate than we can measure with the Jdiode laser.
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This accuracy is not surprising since the experiments (8) and (13)
have encompassed a large numbc: of very accurate data relating to
lines of low J- and K-values in the immediate vicinity of available
CO, laser lines. Nevertheless, the diode laser is very useful for
those regions of the spectrum where it is not possible to extrapolate
the results of other experiments. Our recent calculations based on
such data predict three new NMMW that should result from photon pump-

ing with isotopic CO; lasers. The predicted outputs lie in atmospheric
windows between 0.7 and 1 mm.

Spectroscopy of D0

Heavy water is an important NMMW and SMMW molecule because when
the D0 gas pumped with a TEA CO, laser, kilowatts of output power
result (10). By using heterodyne techniques, we have measured the
frequencies of several D;0 absorption lines that are nearly coin-

cident with CO; emission lines.
Table III presents the

results of measurements of Table UI. DO Absorption Frequencies
eight absorption lines in Measured

D,0 gas (1L). Our measure- . CO, Ditterence D,;0

2 & E
ments were taken with D,0 D.0 Freouency (em=") Frequency
gas pressures from (.1 to _Absorption®  tem7'V" ADAW AHCO  femTh
0.5 torr. The line B¢ = 54 6, == 5¢ 10354756 —0,0393 1035, 4343
6g * 54, 65 * 55 was studied 7-; —=6-a L0R34T30  +00185 10454021
at pressures less than 0.01 1l-¢--10 1048 Bnus 40,099 1SS, 7007T
torr but was still unresolv- 12-8 " ll-s SIS AOIEC et

3 T i . + 10-5 —=9-¢ 10TA2TRY =018 10732597
ed. K 1e line assignments S 4 1079.85200 400109 10708310
are labeled P.ou()!‘ding to 5 — 4o 10798527 + 00106 ¢€ JOTU.NG0
the asyrmetric top model 103~ 109 JUSEBinG 400217 TOSLCT0R
(9). These results are 9 4-+8 4 10857654 —~0,0186 TOSRTHAR
being used by researchers e,
at two universities in From Ref. (7).

calculations of the effi-
ciency of the D0 NMMW

)
).

¢
and SMMW source. From Ref. (16

Spectroscopy of CH30H

—'—rﬁéthyl dicohol_;}ovides more NMMW and SMMW transitions than any
other molecule (10). Its structure corresponds to a slightly asym-
metric top, and the vibrational transition of interest for optical
pumping is the vy vibration associated with the C-0 stretch. The
complexity introduced by the reduced symmetry is compounded by a
torsional motion of the 0-H group. Fig. 11 shows a comparison of
the diffuse structure of the conventional spectrum (insert) and the
R(5)-multiplet as obtained with the diode laser. It is also inform-

205
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Fig. 12. Quadratic Stark effect on Fig. 13. Schematic spectra
Vot S= = 0 S e =S =10 of vy, R(J)-multiplets.
pair in CH3OH.

fy the IR and NMMW-SMMW transition. The results of hetercdyne spec-

troscopy for pumping CH30H with the CC, 9P16 line is shown in Fig. 1&.

A strong CH30E line lies within 105 MHz of the CO, laser frequency.
This pumping frequency has produced
four NMMW transitions and one SMMW
transition, including the important
line at 1.217 mm (10). Additional
measurements place the offset at

73 + 15 MHz. These data, when
combined with the analysis of the
structure of the R(J = 10) multiplets, ;
lead to an identification of the ‘
strong absorption line as the higher
frequency R(J = 10, n =0, t, K= 0)
transition in partial agreement with
Ref. (17) and in disagreement with
the conclusion of Ref. (18). Simi-
lar methods also show that the
assignment as an n = 1 transition
(17) for the IR absorption in the Q branch associated with pumping by
the 9P34 line may not be correct since a strong n = O line lies close
to the laser frequency.

From the etalon and heterodyne spectroscopy and the published
frequencies of isotope CO, lasers, it has been possible to predict a
near—coinciden?g of an R(J =6, n=0, t, K= 3) line with the IIP48
line of the CO,” laser. Calculations are proceeding tc predict alsc

Fig. 1. Heterodyne spectro-
scopy of vy, R(J = 10, K = 0)
transition in CH3OH.
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the resultant NMMW and SMMw output rrequencies, )
]
(n\ unfonn I

New 1R heterodyne and Stark spectroacople technlques have been
developed and applied to the analyala of molecular QMR sources.
Thege proceduran have revenloed previously unvesolved molecular 1R
st t\. o guantum nunbey unﬁipnmuntn'ynd wbwoxute fpptuenc{an oy
transitiona have bLeen tabulated torv CHyl, DnO and CiH30H,  New NMMW
oherating frequencles have been predicted,  The results have impli-
cationa for both fundamental and applied regearch, since our measure-
menty provide new information regarding molecular structure, as well
e dmportant parameters for NMMW source modeling.<§“
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